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Voltage-dependence mechanisma b s t r a c t
The main role of voltage-gated proton channels (Hv1) is to extrude protons from the intracellular
milieu when, mediated by different cellular processes, the H+ concentration increases. Hv1 are
exquisitely selective for protons and their structure is homologous to the voltage sensing domain
(VSD) of other voltage-gated ion channels like sodium, potassium, and calcium channels. In clear
contrast to the classical voltage-dependent channels, Hv1 lacks a pore domain and thus permeation
necessarily occurs through the voltage sensing domain. Hv1 channels are activated by depolarizing
voltages, and increases in internal proton concentration. It has been proposed that local conforma-
tional changes of the transmembrane segment S4, driven by depolarization, trigger the molecular
rearrangements that open Hv1. However, it is still unclear how the electromechanical coupling is
achieved between the VSD and the potential pore, allowing the proton flux from the intracellular
to the extracellular side. Here we provide a revised view of voltage activation in Hv1 channels, offer-
ing a comparative scenario with other voltage sensing channels domains.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
1.1. Voltage-gated ion channels
In all living organisms, ion channels and transporters are
responsible for maintaining the electrical homeostasis that is
essential for a wide variety of physiological processes from neuro-
transmitter release to fecundation. Ion channels comprise a super-
family of proteins allowing the passage of ions through their pores
at near diffusion limited rates (106–108 ions/s), and exhibiting
exquisite specificity. Among them, voltage-gated ion channels, pre-
sent in excitable and non-excitable cells, regulate ion conductance
in response to changes in the voltage across the membrane. This
family of voltage-gated ion channels shares a common structural
and functional domain called the voltage sensor domain (VSD),
which is able to detect fluctuations in the voltage across the mem-
brane. Voltage sensing relies on a series of positively charged resi-
dues distributed along the fourth transmembrane segment of the
domain. The electrical energy generated by the displacement of
these residues during voltage activation is then transduced to the
pore domain (PD), leading to channel opening. The PD contains aselectivity filter that determines which ions can permeate through
the channel [1].
Hv1 is a unique voltage-gated ion channel due to its lacking of
the classical PD. For this characteristic, it was dubbed VSOP (Volt-
age Sensor Only Protein) [2,3]. Since its cloning, the molecular
determinants associated with proton permeation are thought to
be harbored within the VSD (Fig. 1) [4].
In this review we discuss critically what makes the Hv1 channel
a singular voltage sensing domain which harbors a conductive
pathway.
1.2. Voltage-gated proton channels
The functional manifestation of proton channel conductance
was first reported in neurons of the garden snail Helix aspersa
[5]. Almost 10 years passed before these channels were recorded
in mammalian and human cells [6–9]. Genes encoding a proton
channel were first identified simultaneously in human, mouse
and Ciona intestinalis [2,3], revealing a surprising similarity with
the voltage-sensor domain (VSD) of most members of the
voltage-gated ion channel family. Hv1 channels are very conspicu-
ous members of the voltage-gated ion channel superfamily, due to
their markedly different architecture (Fig. 1A). They are homod-
imers, containing a conduction pathway in each subunit. This
allows it to function without the typical S5–S6 pore-forming seg-
Fig. 1. Oligomeric conformation and pore location in classical voltage-gated ion channels and Hv1 channel. (A) Classical voltage-gated ion channels are composed of four
subunits (Kv) or of four domains (Na+ and Ca2+), where the ion pathway is located at the symmetry axis. Each subunit or domain is composed of six transmembrane domains
(S1–S6). The first four segments harbor the voltage sensor domain, where the gating charges are located. The S5–S6 segments form the pore domain and the specialized
structure called the selectivity filter where the ions are aligned. The subunit shown in Fig. 1A corresponds to chimera Kv1.2/2.1 (PDB: 4JTD) [110]. (B) The Hv1 channel
presents an oligomeric composition involving two subunits, which is one of the most notorious differences compared to other voltage-gated channels. The dimerization motif
is composed by an intracellular coiled-coil. Each subunit corresponds to an isolated VSD, lacking the S5–S6 domain. The subunit depicted in Fig. 1B corresponds to a homology
model constructed for the Ci-Hv1 channel, taking as a template the VSD from KvAP channel [111] and the Kv1.2–2.1 paddle chimera.
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in other voltage-gated cationic channels (Fig 1B).
The single channel conductance for most tetrameric channels
spans from 2 to 400 pS and a single opening event can be
resolved by low noise patch clamp techniques. Single opening
events could not be resolved for an Hv1 channel and single channel
conductance had to be estimated by stationary [10] and non-
stationary noise analysis. Such an approach provided an estimated
value of the single channel conductance of Hv1 channels in a few
tens of fS ([10] and unpublished data).
Another hallmark of proton channels is that their open proba-
bility (Popen) depends strongly on the gradient of protons across
membrane. Dropping the internal pH from 6.5 to 5.5 raises the
maximum Popen from 0.75 to 0.95. Changes in the internal pH also
can induce an increase in the unitary conductance and left-shift the
conductance–voltage (G/V) curve [11]. These features imply that
there must be a pH sensor, most likely titratable residues. Consid-
ering that acidic residues are required to stabilize the positively
charged residues of S4 in the resting or the active position, these
residues are the perfect candidates for such a task.
Notably, Hv1 channels are exclusively selective for H+ [12],
while Kv channels, although they preferentially conduct K+ ions
with great efficiency, show permeability to other cations. When
Hv1 channels open, they carry outward H+ currents that signifi-
cantly increase the intracellular pH. This increase is an order of
magnitude larger than one produced by other proton transport sys-
tems [5,7,13–15].
1.3. Physiological role of Hv1 channels
In cells, proton channels have been associated with the control
of pH in the cytoplasm and in internal organelles. The geneencoding the Hv1 channel has been identified in many species,
and found to be involved in a wide variety of specialized physiolog-
ical process such as chondrocyte alkalinization after hypotonic
shock [16,17], regulation of membrane potential and pHi in human
cardiac fibroblasts [18], bioluminescence in dinoflagellates
(Fig. 2A) [19], calcite production by unicellular algae [20,21]; acid
extrusion in snail neurons during an action potential [5,22,23], fer-
tilization in amphibians and human sperm (Fig. 2B) [24–28], acid
secretion in airways [6,29,30] and in the facilitation of B-cell acti-
vation during immune response [31,32]. The best characterized
function of proton channels is the electron balance mediated by
the H+ flux during the phagocytic respiratory burst. Hv1 channels
appear to be key for the optimization of NADPH oxidase activity
when pH in the phagosomal lumen and cytoplasm decreases
[33–38] (Fig. 2C).
Proton channel plays a key role in the processes described
above, and altered functioning of this channel entails several phys-
iological dysfunctions. For example, the aberrant expression of Hv1
channels in human breast cancer cells was reported to correlate
with the propensity to acquire metastatic features [39]. Proton
channel activity has been associated with invasive and metastatic
phenotypes of different tumors such as gliomas, breast, and col-
orectal cancer [39–42]. Additionally, Hv1 channels have been
implicated in the enhancement of brain damage after an ischemic
stroke [43].
Given the relevance of Hv1 in physiology and pathology, it has
become a focus of active research as a potential pharmacological
target [44]. As a voltage sensing domain able to conduct protons,
one of the most intensively studied questions concerns the
biophysical properties of voltage-gated proton channels
related to the mechanism by which voltage-dependent gating
occurs.
Fig. 2. Different physiological roles of Hv1 channels. (A) Bioluminescence in dinoflagellates as a response to sea water mechanical fluctuations. The external mechanical
stimulus (1) is transduced to the intracellular medium by G-protein coupled mechanoreceptors, which increase the Ca2+ concentration of the cytosol (2). The increase in
cytosolic Ca2+ evokes a propagated action potential (3) in the vacuolar membrane. The depolarization opens Hv1 channels located in the scintillon membrane (4). The opening
of Hv1 channels produces an increased H+ concentration inside this organelle promoting the bioluminescence driven by the luciferin–luciferase reaction (5) [19]. (B) Human
spermatozoa are in a quiescent phase inside the reproductive system, and must be activated previous to fertilization. It is known that alkalinization of their cytoplasm is able
to produce such activation. Outward proton currents mediated by Hv1 induces such analkalinization [28]. (C) Proton channels maintaining electro-neutrality in the
phagosome in macrophage cells. Proton flux is key to optimization of NADPH oxidase activity, and in the decrease of pH in the phagosomal lumen and in the cytoplasm. The
ROS species produced by the Nox1 complex combines with protons extruded by Hv1 to produce more cytotoxic substances, resulting in destruction of the pathogen [37].
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As in canonical voltage-gated ion channels, the S4 segment ofHv1
channels has been recognized to be involved in voltage sensing and
is accepted as the Hv1 voltage sensor. The signature sequence of the
S4 segment is a series of basic amino acid (mainly arginine, R) inter-
posed by pairs of hydrophobic residues [45–47] (Fig. 3). InHv1 chan-
nels, S4 contains three of those triplet repeats (Fig. 3B) [2,3].
The number of charges displaced relative to the transmembrane
electric field for channel activation was determined using the lim-
iting slope method [48,49] that yields 5.9 e0 for the dimer and
2.7 e0 for the monomer. This result by itself suggests that all three
arginines contribute to the measured gating charges of Hv1 chan-
nels. This was further investigated by neutralizing each one of
these charged residues. Neutralization of a single arginine reduces
the limiting slope of by about 1 e0 and by 2 e0 for monomeric and
dimeric channels, respectively [49]. This is consistent with all three
arginines traversing the full transmembrane electric field. How-
ever, a closer inspection revealed that the impact of a single neu-
tralization is above 1 e0. This is particularly true for the R255N
mutation, suggesting that charge neutralization has profound
effects on other aspects of gating, such as modifying the electricprofile affecting the remaining charges or modifying the size of
the S4 segment translocation.
An alternative method to test for a full translocation across the
membrane is through accessibility experiments. Notably, cysteine
accessibility approaches revealed that the middle S4 charged resi-
due R258 moves through the whole membrane electric field as it is
accessible from the intracellular side in the resting configuration
and from the extracellular side when activated [49]. These results
suggest that the voltage dependence in Hv1 channels is caused by
the movement of the three S4 arginines across the electric field.
Voltage-clamp fluorometry studies [48,50] strongly suggested
that S4 experiences large conformational changes during activa-
tion [51–53]. However, there are also conformational changes
associated to the S1 helix in Hv1, implying that voltage activation
also involves other segments of the protein [54]. The movement
of S1 is thought to be related to pore opening and thus reveals
the complexity of VSD channel activation. The S1 segment in Hv1
channel contains three negatively charged residues (D160, E167
and D171) that could move inward at positive voltage and there-
fore could consequently carry some gating charge [55]. However,
it was found that a voltage-dependent conformational change
induced S1 motion, with voltage (and time) dependence of the
opening transition [54]. This stands somehow opposite to S4,
whose rearrangement precedes opening, as expected for voltage
sensing [48]. This evidence, strongly suggested that two distinct
Fig. 3. (A) Alignment of different voltage sensors from K+, Na+, and Ca2+ voltage-
gated ion channels. (A) Uniprot sequences corresponding to P08510 (Shaker K+
channel), Q15878 (R-type human Ca2+ channel), P22459 (human K+ channel Kv6.4),
P16389 (human channel Kv1.2), Q09470 (human channel Kv1.1), P17658 (human
channel Kv1.6), Q9NY46 (human voltage-gated sodium Nav1.3), P35499 (human
voltage-gated sodium Nav1.4), Q99250 (human voltage-gated sodium Nav1.2) and
P35498 (human voltage-gated sodium Nav1.1) are displayed here. As shown in the
alignment, the four segments present highly conserved positively charged residues
among all voltage-gated ion channel families. (B) The same is true for Hv1 channels
present in different species as demonstrated by the uniprot sequences correspond-
ing to Q1JV40 (Hv1 from Ciona intestinalis), Q6DHQ1 (Hv1 from Danio rerio), Q5F4C0
(Hv1 from Gallus gallus), Q96D96 (Hv1 from Homo sapiens), Q5M7E9 (Hv1 from
Xenopus laevis), Q3U2S8 (Hv1 from Mus musculus), Q5M8L8 (Hv1 from Xenopus
tropicalis) and Q4W8A1 (VSP from Ciona intestinalis). In this case Hv1 channels have
only three charged residues, while voltage sensitive phosphatase (VSP), a non-
conductive isolated VSD, presents four charged residues in the S4.
3474 K. Castillo et al. / FEBS Letters 589 (2015) 3471–3478but interdependent rearrangements involving S1 and S4 could take
place during the Hv1 gating process. However, the gating charge of
Hv1 appears to be mostly contained in the arginines of S4 [49],
indicating that S1 motion is a consequence of the voltage-
dependent rearrangement of S4. In this sense S4 motion precedes
the movement of S1 which concomitantly opens the channel.
Unfortunately, we lack of precise structural information and
specific compounds that target the channel. It has hampered the
understanding of the molecular mechanism of channel activation.
However, a crystal structure of the proton channel was recently
obtained, providing important clues for Hv1. This is the only struc-
ture of the Hv1 VSD published [56]. It is a chimeric version of
mouse Hv1 channel made of: (i) the C-terminal coiled-coil region
of the transcription factor GCN4 (from Saccharomyces cerevisiae),
(ii) the replacement of the middle of S2 to the middle of S3 seg-
ment of Hv1 for the equivalent segments of C. intestinalis, and
(iii) the removal of the last 74 residues of N-terminal. This chimera
generates crystal structures in the closed conformation [56]. As
there is no experimental structure of the open conformation
[56,57], we are limited to molecular models in order to understand
the function–structure relationship. Unfortunately, there is not a
consensus between these models [57].
The finding that guanidine derivatives were potent blockers of
Hv1 gave us important clues about structural details of the channel
proton conduction system [58,59]. These compounds bind to the
Hv1 channel from the intracellular side and are able to access the
core of the VSD when it is in the open conformation. Additionally,
they were used to reveal structural aspects of Hv1 channel gating.
Interestingly, the aspartate residue D112 in S1 helix – the proposed
selectivity filter of the channel [12] – was accessible from the intra-
cellular side of the channel in the open state. This contradicts the
previously proposed location of this residue in the extracellularcavity [55,60,61]. As guanidine derivatives also interact with the
arginine residue R211 (third arginine) in the S4 helix, it follows
that both residues are close enough to electrostatically interact,
thereby controlling channel activation.
Future development of compounds that specifically target Hv1
channels will result in important improvements toward an accu-
rate atomic-space determination of their secondary and tertiary
structure, and will allow a deeper understanding of structure–
function relationships.
2.2. Voltage-dependent gating mechanism of Hv1 channels
The gating mechanism of proton channels appears to involve at
least two major channel rearrangements, as revealed following the
fluorescence changes of a probe attached to S4 segment [48]. Nota-
bly, these experiments showed that the fluorescence is biphasic
with two fluorescence component both during depolarization
and during repolarization [62]. During depolarization, the first flu-
orescence component is a decrease associated with voltage sensor
movement from the resting to the activated state preceding pore
opening. The second fluorescence component is an increase
thought to reflect a conformational change from the activated to
the open state of the pore [62]. Therefore, during Hv1 gating, con-
certed motions of the S1 and S4 segments takes place, with S4
motion preceding the movement of S1 that concomitantly opens
the channel [54]. Supporting this proposal, voltage-clamp and
patch-clamp fluorometry experiments showed that the S4 helix
moves during voltage sensor activation and S1 moves during chan-
nel opening [54]. This subtle property implies that monomers
should also present these two conformational changes during gat-
ing and before conduction is initiated [48]. Notably, D112 in the
middle of the S1 segment was found to be critical for proton selec-
tivity [12,63]. The S4 helix moves upon depolarization with an
exponential time course preceding H+ current detection. The S1
segment in Hv1 channels contains three negatively charged resi-
dues (D160, E167 and D171) that could move inward at positive
voltages and therefore could consequently carry some of the total
gating charge [55]. However, Mony et al. [54] found that the con-
formational change that S1 undergoes during channel activation
is associated to the pore opening and precedes the S4 motion. This
evidence strongly supports that two distinct, but interdependent,
rearrangements of S1 and S4 take place during Hv1 gating. How-
ever, the gating charges of Hv1 appear to be mostly contained in
the arginines of S4 [49], indicating that S1 motion is a consequence
of the voltage-dependent rearrangement of S4.
2.3. Cooperativity during voltage activation
The Hv1 dimer is assembled by coiled-coil interactions at the
C-terminus [4,48,64–67], which upon truncation result in fully
functional and H+ selective monomers [48,64,65,68]. These mono-
meric Hv1 channels open in response to voltage 5-to-6-fold faster
than the wildtype dimer. The differences in kinetics and voltage-
dependence of monomer versus dimer reveals intersubunit coop-
erativity [48,49,64,65,68]. The activation kinetics of wildtype pro-
ton channels are consistent with a Hodgkin–Huxley n2 kinetic, in
agreement with the dimeric nature of the channels [48]. Hv1 pro-
ton currents also show the classical Cole–Moore shift phenomena
[69]. The current develops with a delay after depolarization, and
the duration is highly dependent on the conditioning voltage
[13]. This is a signature of multiple closed states and indicates that
opening of Hv1 channels requires that each monomer undergoes
conformational changes before activation of their conducting path-
ways [48,50,68]. The deactivation of proton currents occurs expo-
nentially and faster than activation, suggesting that a single
conformational change – closing in one monomer – is sufficient
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that the Hv1 channel gating mechanism exhibits a voltage-
independent transition that precedes opening [70]. It is very likely
that this voltage-independent transition is related to the coupling
between both subunits and happens before the coordinated
opening.
The protein surface that mediates dimerization and allosteric
interaction between both subunits is assumed to be a coiled-coil
structure in the C-terminus [71]. When the hydrophobic core of
this structure is experimentally altered, Hv1 is able to form trimers
and tetramers. Mutated trimeric and tetrameric channels present a
fast activation phenotype, with a minor delay before channel open-
ing, resembling monomeric channels. This evidence suggests that
trimeric and tetrameric channels possess a higher degree of coop-
erativity than is present in dimeric channels [71]. We note here
that S1 has been proposed to be located in the interface between
both subunits and, therefore, to be important for the cooperativity
[72].
An interesting possibility to test is the existence of Hv1 channels
with different cooperativity phenotypes (as dimers or monomers)
specialized for different physiological functions.
3. Biodiversity of VSDs among voltage-gated channel
Phylogenetic studies propose that Hv1 channels are closely
related to the VSD of Nav and Cav channels, which diverged from
Kv channels more than a billion years ago [60].
Despite the commonalities in VSD structure among different ion
channels, it has been shown that they have different activation
kinetics. The opening of a tetrameric K+ channel requires the coor-
dinated displacement of S4 segment followed by an additional con-
formational change which induces channel opening [73] (Fig. 4A).
It is noticeable to mention that other K+ channels with allosteric
gating mechanisms, like Slo1 can open in the absence of typical
VSD. In particular, calcium- and voltage-activated K+ channels
(BK), the voltage-gating mechanism is quite different from canon-
ical Kv channels and has proposed that voltage sensor is spread (or
decentralized) between different spanning membrane segments
that comprise the VSD [74], with gating charges located in S4, S3
and S2 [74] (Fig. 4B). It has been suggested that the S4 movement,
during gating, is restricted in Hv1 channels compared with VSD K+
channels, which likely because the absence of a pore do not need
huge displacement to induce the proton conduction pathway [60].
By requiring both monomers to move before either can conduct,
Hv1 has a dependence on membrane potential twice as steep
[48,49,68]. Steeper voltage-dependence means that a smaller
depolarization is required to open Hv1 channels, increasing their
efficiency in responding to changes in membrane voltage com-
pared to other voltage-gated cation channels.
The charge reduction in Hv1 channels observed by individual
substitutions of arginine residues in the S4 segment is twice that
expected if the substitution only affects the charge movement
[49]. In fact, the total charge reduction predicted by adding the
impact of neutralizing each one of the three arginines in S4
amounts amounts to a total of 12 e0. This value is twice the gating
charges (6 e0) determined by using the limiting slope method in
Hv1. This situation has been observed earlier in Shaker K+ channels,
where similar neutralizations reduced the gating charge by >1 e0,
which when added results in 24 e0 instead of the expected
12–14 e0 [45,46]. These results reflect that mutating these charged
residues reduces the distance in the electric field through which
the S4 helix moves. Something similar has been suggested to occur
in Kv channels [75]. In other VSDs, as the S4 moves its arginines
participate in salt bridges with intracellular and extracellular
charge clusters that are separated by a constriction at the chargetransfer center [76–80]. An equivalent mechanism is expected to
occur in Hv1 channels [57].
Both Hv1 channels and Kv channels are subject to structural
rearrangements associated with voltage sensor activation and sub-
sequently to a structural conformational change for cooperative
opening of their subunits [48–50,78,81–90]. In tetrameric Shaker
K+ channels it has observed that the final voltage-dependent tran-
sition involves motion of residues both part of and separate from
the VSD, while in dimeric Hv1 channels the conformational
changes occur in the VSD alone [54]. Recently, it was suggested
that the S4 movement during gating is restricted in Hv1 channels
compared with the displacement of the VSD in Kv channels. Per-
haps in the absence of a separated pore structure a smaller dis-
placement is sufficient to induce the proton conduction pathway
[60].
Remarkably, VSDs of voltage-gated potassium and sodium
channels do not conduct ions, but can be converted into voltage-
gated proton channels by point mutations on the S4 segment
[91–94]. Substituting arginine to histidine in the S4 region of
Shaker K+ channel (R365H or R368H) resulted in H+ transport
through the voltage sensor. Substitution of arginine 371 (R371H)
converted the VSD in a proton selective voltage-dependent chan-
nel. Although the R362H mutation also generates selective proton
conduction, it was activated by hyperpolarization instead [93–96].
Although in classical tetrameric voltage-gated channels, S1 also
appears to interact with S4 [97,87,98,99] the function and interac-
tions of S1 segments in the dimeric Hv1 is quite different. First, the
S1 of Kv channels interacts with S5 and the pore helix [4,100],
which are not present on proton channels. On the other hand, in
tetrameric channels, there is no contact between the VSDs,
whereas the S1 of Hv1 resides at the dimer interface between the
VSDs [72]. In the Shaker Kv channel a fast rearrangement in S1
has been reported, although it remains unknown if it corresponds
to VSD activation or to channel opening [101].
These VSDs exhibit different activating mechanisms enabling
channels to respond to their specific physiological demands. For
example, it is known that Nav channel opening requires the activa-
tion of only three of the four VSDs (Fig. 4C) [73,102,103], while Kv
channels require the rearrangement of all four VSDs [85]. The main
factor underlying fast activation of Nav channels is the rapid rear-
rangement of their VSDs [104–106]. It was elegantly shown that
the faster activation kinetics of VSDs in Nav channels relative to
Shaker Kv channels are due to the presence of hydrophilic serine
or threonine residues in the S2 and S4 segments of VSDs in
domains I-III. This change speeds the Nav VSD kinetics up to
3-fold. The activation rate is also doubled by co-expression of b1,
the regulatory subunit of Nav channels [107]. Notably, the presence
of auxiliary b subunits in BK also modifies voltage sensor activation
in BK channels, allowing them to activate at less depolarized
potentials than with the pore-forming subunit alone [108]. Worth
noting is that only two amino acids are involved in this VSD
modulation [109]. Currently, the presence of auxiliary subunits in
Hv1 channels has not been reported.
4. Concluding remarks
Although a member of the voltage gated ion channel family, Hv1
is a peculiar channel. As in other cationic channels gated by volt-
age, Hv1 channels contain positively charged residues in the S4
segment that are responsible for voltage sensing. However, the
range at which the channel opening is voltage-dependent and
the motion in the electrical field differs greatly from other
voltage-activated channels. Following charge movement, a
voltage-independent transition appears to take place before the
channel opens. This transition is very likely related to the coupling
Fig. 4. Differences between VSDs among different voltage-gated ion channels and their roles in voltage activation. (A) The Kv channel presents a tetrameric structure, wherein
each subunit has a VSD. Most Kv channels require that the entirety of the VSD remains in the active position in order to open the channel. This type of activation is related to a
sequential kinetic mechanism as is shown in the right part of the figure. (B) Voltage-dependent K+ channels with allosteric kinetic mechanism. In this case the architecture is
the same as is shown in A, but these allosteric channels (such as KCNQ or BK channels) do not necessarily need to activate all of the VSDs to open the channel. These channels
present VSD modulation by Ca2+ and/or auxiliary subunits that may change the number of VSDs needed to open the channel. (C) Nav and Cav channels share the same
architecture as Kv channels but in this case it is only one polypeptide containing four domains, each one with a VSD. In this case, two or three VSDs in the active position are
required to open the channel for Nav and Cav, respectively. Despite the high homology among domains, some of them are responsible for opening the channel while others are
related to the inactivation process. (D) The extreme case of the voltage-gated H+ channel, where the topology and the quaternary structure are completely different from any
other voltage-gated ion channel. However, the kinetic mechanism remains similar to the voltage activation of Kv channels.
3476 K. Castillo et al. / FEBS Letters 589 (2015) 3471–3478between both subunits and would take place before the coordi-
nated opening of each monomer conduction pathway. The Hv1
channel VSD is unique among voltage gated ion channels in allow-
ing proton permeation, and shows an exquisite selectivity and pH
dependency.
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